Hexaploid wheat is a young polyploid species and represents a good model to study mechanisms of gene evolution after polyploidization. Recent studies at the scale of the whole genome have suggested rapid genomic changes after polyploidization but so far the rearrangements that have occurred in terms of gene content and organization have not been analyzed at the microlevel in wheat. Here, we have isolated members of a receptor kinase (Lrk) gene family in hexaploid and diploid wheat, Aegilops tauschii, and barley (Hordeum vulgare). Phylogenetic analysis has allowed us to establish evolutionary relationships (orthology versus paralogy) between the different members of this gene family in wheat as well as with Lrk genes from barley. It also demonstrated that the sequences of the homoeologous Lrk genes evolved independently after polyploidization. In addition, we found evidence for gene loss during the evolution of wheat and barley. Analysis of large genomic fragments isolated from nonorthologous Lrk loci showed a high conservation of the gene content and gene organization at these loci on the homoeologous group 1 chromosomes of wheat and barley. Finally, sequence comparison of two paralogous fragments of chromosome 1B showed a large number of local events (sequence duplications, deletions, and insertions), which reveal rearrangements and mechanisms for genome enlargement at the microlevel.
Polyploidization has played a major role in higher plant evolution. A majority of the angiosperms (70%-80%; Masterson, 1994) , including some of the most important crops (wheat, maize, potato, cotton, sugar cane), are polyploid. Polyploidization allows novel genetic interactions and its role in plant genome evolution is highly relevant (Wendel, 2000) . Understanding the mechanisms underlying polyploid evolution can also have an impact on crop breeding, particularly for the development of new crop species such as Triticale (an allopolyploid of wheat and rye).
Bread wheat (Triticum aestivum) is hexaploid (2n ϭ 42) with three (A, B, and D) subgenomes, each containing seven pairs of homoeologous chromosomes. Hexaploid wheat, which arose approximately 8,000 years ago (Feldman et al., 1995) , is a classical example of allopolyploidization. It originated from the hybridization of three different diploid progenitors from the Triticum and Aegilops genera. The first step involved the hybridization between Triticum urartu Thum. Ex Gandil. (AA) and an unknown species (BB) related to Aegilops speltoides (SS). The resulting tetraploid wheat Triticum turgidum (AABB) then hybridized with Aegilops tauschii (DD) to produce the hexaploid bread wheat (AABBDD; Kihara, 1944; McFadden and Sears, 1946; Friebe and Gill, 1996) . Compared with other allopolyploids, wheat is considered to be a young polyploid. The identity, the organization, and the evolution of the different genomes constituting wheat have been intensively studied in the last decades (for reviews, see Flavell et al., 1987; Kimber and Sears, 1987; Feldman et al., 1995) . These studies were performed using a number of techniques such as cytogenetics, protein, and isozyme electrophoresis, comparative mapping and molecular markers, or DNA sequence comparisons. In addition, several tools that allow quick and efficient chromosomal localization in hexaploid wheat were developed, including a series of aneuploid lines (deletion, addition, or substitution lines) of the var Chinese Spring (Sears, 1966; Endo and Gill, 1996) . These features, combined with the possibility of producing synthetic polyploids (Feldman et al., 1997) , make wheat a model of choice to study the mechanisms underlying evolution in polyploid species.
Polyploidization events can have many consequences on genome evolution, particularly on gene expression and gene organization (for review, see Wendel, 2000) . In wheat, recent studies (Feldman et al., 1997) with synthetic polyploids have indicated that genome reorganization probably occurs rapidly after the polyploidization event and that coding and non-coding regions might be differentially affected (Liu et al., 1998a (Liu et al., , 1998b . So far, few studies have been performed to follow the fate (e.g. rate and type of changes) of individual loci after polyploid formation. A key question in studying gene evolution is whether the genes have evolved independently or if there was a concerted evolution (Doyle and Gaut, 2000) . Cronn et al. (1999) studied 16 individual loci corresponding to low copy sequences (including genes) in tetraploid cotton and its diploid progenitors. The authors found evidence for an independent evolution of these sequences after the formation of the tetraploid species. In hexaploid wheat, the power of low copy DNA sequence comparisons has not been well exploited due to the difficulty of cloning sequences from specific genomes and assessing the relationships (orthology versus paralogy) between the sequences. Paralogous genes arise by gene duplication, whereas orthologous genes arise by speciation (Fitch, 1970) . In evolutionary studies, the distinction between the two cases can be difficult (Gogarten and Olendzenski, 1999) . So far, no studies have analyzed the changes occurring between orthologous and paralogous sequences at the sequence and gene organization level in wheat.
Comparative genetics (Van Deynze et al., 1995) demonstrated that chromosome group 1 is very well conserved in the Triticeae. Moreover, cytogenetic (Gill et al., 1996) and microcolinearity studies (Feuillet and Keller, 1999) have indicated the presence of a conserved gene-rich region in the distal region of the short arm of chromosome group 1. This region is therefore a good target to study rearrangements at the microlevel. We have previously characterized a new family of receptor-like kinase genes (Lrk) in this region in the Triticeae (Feuillet et al., 1998; Keller and Feuillet, 2000) . Six copies of Lrk genes were identified by Southern hybridization on the three homoeologous group 1 chromosomes in wheat. One copy was detected on chromosome 1A, three copies on 1B, and two copies on 1D (Feuillet et al., 1998) .
Here, we analyzed the evolutionary relationships between all of the members of the Lrk gene family from the A, B, and D genomes of T. aestivum, the D genome of A. tauschii, the A m genome of Triticum monococcum barley (which is related to the A genome donor of bread wheat, T. urartu (Dubcovsky et al., 1995) and the H genome of barley (Hordeum vulgare). We have found evidence for independent evolution of the genes after polyploidization that permitted us to assess the orthology of genes among the homoeologous chromosomes. In addition, sequence analysis of large genomic fragments (20-40 kb) of the Lrk loci from the 1B and 1D chromosomes has allowed us to compare the gene organization between nonorthologous regions and to determine at the microlevel the re-arrangements, which have occurred between recently duplicated genes.
RESULTS

Evolution of the Lrk Genes in Hexaploid Wheat, Diploid Wheat, A. tauschii, and Barley
To assess orthology among the Lrk genes on chromosome group 1 in the Triticeae, we reconstructed the evolutionary history of the homoeologous genes of hexaploid and diploid wheat, as well as sequences of A. tauschii and barley. To isolate all the members of the Lrk gene family from wheat, a fragment of 639-bp-encoding part of the extracellular domain of Lrk genes (Feuillet et al., 1998) was amplified by PCR from hexaploid wheat (var Chinese Spring) with two primers (G3/UP1) specific for the Lrk gene family on chromosome group 1 (Table I) . Of 44 sequenced fragments, 10 individual sequences were identified. This was more than the six members we had previously identified by DNA hybridization (Feuillet et al., 1998) , indicating that different genes might have resulted in the same restriction pattern on Southern blots. Specific primers were designed for each of the 10 Lrk genes (Table I ) and were used to localize each gene on the homoeologous chromosomes in the aneuploid nulli-tetrasomic lines of var Chinese Spring Table I . Primer pairs used to amplify the extracellular domain of Lrk genes by PCR G3 and UP1 are located in very conserved regions of the Lrk genes and allow the amplification of all Lrk genes on chromosome group 1 in wheat. They can be used in combination with specific primers to amplify specifically one member of the gene family (CSLrk) and to determine the localization on the homoeologous chromosomes 1A, 1B, and 1D with aneuploid wheat lines. The annealing temperature (Ta) is indicated. Figure 2A with the features shared with the maximum likelihood (ML) phylogeny indicated. The MP and ML searches each produced a single optimal tree. Combining the results of the chromosomal localization of the Lrk sequences with their phylogenetic relationships permits a partial description of orthology among the genes ( ously found at the Lrk10 and Hv1Lrk loci (Feuillet and Keller, 1999) . The phylogenetic results also suggest that the paralogous Lrk genes have not undergone concerted evolution following polyploidization, which would have resulted in a topology that placed the paralogous sequences from single chromosomes together (Meagher et al., 1989) . Pairwise distances between paralogs on each chromosome (7.7%-14.7%; computed for 535 aligned positions with ambiguously aligned regions excluded; data not shown), similarly, tended to be higher than pairwise distance values among orthologs (0.3%-14.4%; eight of the 17 pairwise comparisons were less than 7.7%).
Isolation and Coding Region Analysis of Three Cosmids Containing Lrk Genes from Chromosomes 1B and 1D in Hexaploid Wheat
To study the gene organization at Lrk loci on chromosomes 1B and 1D of hexaploid wheat, cosmids were isolated by screening a genomic library of the variety ThatcherLr10 with pLrk10-A, encoding the extracellular domain of Lrk10 (Feuillet et al., 1998) . Three positive cosmid clones (Cos14, Cos19, and Cos33) were selected and analyzed. On each of the three cosmids a gene homologous to Lrk10 was identified (Lrk14, Lrk19, and Lrk33). The nucleotide sequences were compared with Lrk10 and to the sequences obtained by PCR from the var Chinese Spring. This comparison clearly shows that Lrk19, Lrk33, and Lrk14 are allelic to CSLrk6, CSLrk9, and CSLrk17, respectively. This indicates that Cos19 and Cos33 originated from chromosome 1B, whereas Cos14 originated from chromosome 1D. The phylogenetic analysis had shown that CSLrk17 on chromosome 1D of T. aestivum is not orthologous to either CSLrk9 or CSLrk6 on chromosome 1B (Fig. 2B) .
The three cosmids were completely sequenced (AF325196-98) with a coverage of 9, 8, and 11 times for Cos19 (35,872 bp), Cos33 (20,754 bp), and Cos14 (43,606 bp), respectively. Sequence analysis revealed the presence of putative coding regions. On the three cosmids, two receptor-like kinase genes of the Lrk and Tak type were identified (Feuillet and Keller, 1999) . Lrk19 (2,691 bp), Lrk33 (2,908 bp), and Lrk14 (3,378 bp) are found upstream of Tak19-1 (2,322 bp), Tak33 (2,352 bp), and Tak14 (2,670 bp), respectively (Fig. 3, A-C) . The number and position of the exons and introns are perfectly conserved with the Lrk10 and Tak10 genes on chromosome 1A (Fig. 3D; Feuillet and Keller, 1999) . The length of the introns is more variable due to small insertions or deletions. The last 1,052 bp of Cos19 correspond to the end of a kinase domain of the Tak type suggesting the presence of a second Tak gene (Tak19-2) in this region on chromosome 1B (Fig. 3A) . This sequence was different from the kinase domain of Tak33 (Fig. 3B) , suggesting that at least three Tak genes are present on chromosome m in T. monococcum; yellow, 1A in hexaploid wheat; blue, 1B in hexaploid wheat; red, 1D in hexaploid wheat and A. tauschii; and purple, 1H in barley. The sequence for which no chromosomal localization could be determined is indicated as a gray box. A, Phylogeny of the Lrk genes of hexaploid wheat, diploid wheat, A. tauschii, and barley species. The tree length of the MP tree was 331 steps (consistency index ϭ 0.679); the Ϫln likelihood of the ML tree was 2,853.06 (data not shown). The sequence of a Lrk gene from oat was used as the outgroup to root the phylogenetic tree. Dotted lines indicate branches that are different between the MP and ML analysis. Bootstrap values Ͼ50% are indicated above the branches, and MP branch lengths are indicated below them. B, Schematic representation of orthologous and paralogous Lrk genes on the homoeologous chromosome 1 in T. aestivum, A. tauschii, T. monococcum, and barley. The solid lines indicate relationships shared with the ML analysis. The sequence CSLrk41 for which a chromosomal localization could not be determined is placed on 1A according to the putative orthology to TmLrk2. The exact location of each gene on each chromosome and their relative positions are not known. The three cosmids (Cos19, Cos33, and Cos14) isolated from ThatcherLr10 are represented as bars along the allelic sequences from var Chinese Spring (CSLrk9, CSLrk6, and CSLrk17, respectively).
1B. All Lrk and Tak genes are in a typical transcriptional opposite orientation as previously found on chromosome 1A and 1H (Feuillet and Keller, 1999) . On Cos19 and Cos14, the length of the bidirectional promoter region is in the range of approximately 600 bp as found at the Lrk10, Hv1Lrk1, and Hv1Lrk2 loci (Fig. 3, D and E) . In contrast, the promoter region between Lrk33 and Tak33 (1,075 bp) contains an insertion of 539 bp corresponding to a direct repeat of sequences normally found at the 5Ј end of Tak genes (Fig. 3B) .
On Cos19 and Cos14, putative nucleotide binding site-Leu-rich repeat (NBS-LRR) genes were identified. Lrr19 (2,760 bp), was located 18.7 kb downstream from the stop codon of Tak19, whereas Lrr14 (2,781 bp) was found at 27 kb from Tak14 (Fig. 3 , A and C). Both coding regions showed more than 80% identity at the nucleotide level to Lrr10, an NBS-LRR pseudogene that is located at 618 bp from Tak10 on chromosome 1AS (Fig. 3D) (Feuillet and Keller, 1999) . On both cosmids, the regions between the Tak and Lrr genes are larger than those observed at the Lrk10 and Hv1 loci (Fig. 3, A, C, D , and E). In the case of Cos19 this is clearly due to the insertion of transposable elements (see below). On Cos14, a sequence of 1,902 bp showing 50% similarity at the amino acid level to a predicted rice gene (AF111709) was detected in this region (Fig. 3C) . It is interesting that this putative gene is located on rice chromosome 5, the homoeologous chromosome to the Triticeae chromosome group 1 (Van Deynze et al., 1995) . No NBS-LRR gene was found on Cos33, which may be due to the shorter size of this cosmid. Finally, a putative coding region (PST19) similar to the predicted Hv1PST gene identified close to Hv1Lrr1 (Feuillet and Keller, 1999) was detected 1,728 bp upstream from Lrr19 (Fig. 3, A  and E) .
A number of direct repeats were identified on the three cosmids. Some of them corresponded to coding sequences. Hence, on each cosmid a direct repeat of the 3Ј end of a Tak gene was detected. On Cos19 and Cos33 these repeats were found at approximately 2 kb downstream of Tak19-1 and Tak33, respectively (Fig. 3, A and B) , whereas on Cos14, the repeat was found at 24 kb from Tak14 (Fig. 3C) . A direct repeat of 814 bp (83% identity) of the LRR coding region of Lrr14 was also found at 14 bp downstream from the stop codon. These data demonstrate that even at nonorthologous loci, the gene content and order at the Lrk/Tak loci is very well conserved between the 1A and 1B and 1D chromosomes in hexaploid wheat and on the barley chromosome 1HS.
Comparison of Paralogous Lrk/Tak Loci on Chromosome 1B
We have shown that Cos19 and Cos33 originated from chromosome 1B and carry Lrk19 and Lrk33, which are allelic to the paralogous genes CSLrk6 and CSLrk9, respectively. We can therefore assume that the genes on Cos33 are paralogous to the genes on Cos19, giving us a unique opportunity to study the evolution of such genes in wheat. Comparison of both cosmid sequences identified a region of 15.6 kb containing the Tak and Lrk genes, which showed an overall identity of 94% (Fig. 4A ). Coding regions were highly similar: Tak19-1 and Tak33 showed 93% identity, whereas Lrk19 and Lrk33 were 88% identical at the nucleotide level. High identity (94%-99%) was also found over several kilobases on both sides of the Lrk and Tak genes on Cos19 and Cos33. A detailed analysis of the non-coding regions revealed a very complex pattern of direct repeats, which have been successively inserted. A model representing the different steps leading to this pattern is given in Figure  4B and can be explained as follows: a sequence of approximately 1 kb (RX) was duplicated and inserted into the LTR of a Gypsy3 element, which was then split into two fragments, L1 and L2 (Fig. 4B-1 ). This new element plus 1 kb of the 3Ј end of the Tak gene was then duplicated on the right side of Lrk (Fig.  4B-2) . With the available sequence data we cannot determine the exact size of this duplication as it corresponds to the end of the cosmid sequences. Subsequently, two duplications containing different parts of the RX, L1/L2 sequences and 327 bp of the end of the Tak gene occurred, followed by a deletion of 100 bp and the insertion of a foldback element (Fig.  4, B-3 and B-4). At this stage, a fragment of at least 15.6 kb was duplicated on chromosome 1B (Fig. 4B-5 ). Following this duplication several events occurred independently on both copies to give rise to the two paralogous fragments found on Cos19 and Cos33. At least three foldback elements including two Athos elements (Wicker et al., our unpublished data) were inserted and a deletion of a RX sequence occurred on Cos19 (Fig. 4B-6 ). Two sequences of 1,440 bp (␣) and 1,575 bp (␤) delimited by a target site duplication of 15 bp were inserted into the repeats on Cos33 (Fig. 4B-7) . A new type of fold back element and a duplication of 539 bp containing parts of Tak19-1 and the promoter region were also inserted. Finally, a LINE retroelement integrated between the duplicate Tak sequence and L2 (Fig. 4B-7) . These events are responsi- Analysis of the Tak19-Lrr19 intergenic region (18.7 kb) of Cos19 showed the presence of an element of 7,184 bp, which we named TAT1 (Fig. 4A) . TAT1 was delimited by a 6-bp target site duplication flanking two terminal inverted repeats (TIR) of 460 bp. The TIR contained a CACTA sequence that is characteristic of the CACTA type of transposons (Nacken et al., 1991) . Within TAT1, a 1,742-bp sequence showed similarity to the TNP2 gene found in these transposons. Two LTRs of approximately 600 bp and partial sequences similar to the gag/pol precursors of a Gypsy3 retrotransposon (RT) flanked the TNP2/RT region (Fig. 4A) , suggesting that the transposon TAT1 had inserted into a Gypsy3 retrotransposon. We conclude that a detailed analysis of paralogous sequences allowed us to identify small and local rearrangements, which occurred before and after the duplication and are responsible for a size increase of the analyzed region.
DISCUSSION
Paralogous and Orthologous Lrk Genes Have Evolved Independently and Have Been Differentially Deleted on the Homoeologous Triticeae Chromosomes
To study the pattern of evolution between the different homoeologous Lrk gene copies in wheat it was essential to characterize the phylogenetic relationships between all the different members of the gene family. A PCR-based strategy was used to isolate the complete family of Lrk genes present on chromosome group 1 in hexaploid wheat. The basis of the strategy was the definition of conserved regions from genes cloned earlier in wheat, barley, and A. tauschii. Although we cannot exclude that some members of the Lrk gene family (e.g. with mutations in the sequence of the conserved regions) are not represented here, we consider the set of genes analyzed in this study to be a good representation of this gene family. The correct identification of orthologous and paralogous relationships is essential in molecular comparative genetics as confusion between the two can lead to misinterpretations of the evolutionary mechanisms. Paralogy was established here with the use of aneuploid wheat lines (Sears, 1966) . These lines offer a fast way to locate genes without the need of mapping each gene individually and have been extensively used to locate RFLP and sequence-tagged site markers in wheat (Sharp et al., 1989; Gill and Gill, 1994) . In most cases we could differentiate between orthology and paralogy with good confidence based on the chromosomal localization of each copy and phylogenetic analysis of the sequence similarity. After polyploidization, orthologous genes can either continue to evolve independently or can undergo a concerted evolution. Lrk copies located on a specific chromosome in hexaploid wheat were phylogenetically sisters to the orthologous copies in the parental diploid species indicating an independent evolution of the Lrk genes since the polyploidization events. Greater pairwise distances between paralogous sequences than between orthologous ones lends additional support to this observation. Cronn et al. (1999) analyzed the relationships between 16 loci in diploid and tetraploid cotton species and also found evidence for independent evolution. However, few analyses based on sequence comparison have been made to study the evolution at specific loci after polyploidization in wheat (Talbert et al., 1998) . It will be interesting to see whether different genes tell different stories about the evolution of coding regions after polyploidization.
Studies of synthetic polyploids in Brassica, cotton, and wheat have shown that polyploidization can lead to rapid and extensive genome changes including gene loss (Song et al., 1995; Feldman et al., 1997) . Assessing the orthologous and paralogous relationships among the Lrk genes indicated that gene losses have occurred for this gene family in the Triticeae as well. The clearest examples of this are seen in the cases where orthologous Lrk genes to those in barley are absent on chromosome 1A m of T. monococcum, 1A and 1D of T. aestivum, and 1D of A. tauschii. Previous phylogenetic analyses (Kellogg et al., 1996) have shown that Hordeum diverged first from the remaining Triticeae genomes. If a gene of Hordeum is found to be orthologous to a gene in any of the remaining genomes, then it is likely that an orthologous copy was present in their most recent common ancestor. Thus, assuming that we have a good representation of the entire gene family, each genome should have an orthologous gene by ancestry, unless gene loss has occurred.
Two of the CSLrk sequences, CSLrk16 and CSLrk41, contained stop codons (data not shown) indicating that some members of the gene family are not expressed. Pseudogenization through accumulation of mutations is one of the possible consequences of the relaxation of selection pressure on a gene when several gene copies are present within a nucleus after polyploidization (Wendel, 2000) . In hexaploid wheat, Galili and Feldman (1984) have found that in a gene family encoding endosperm proteins only the copies present on the B and D genome were expressed due to the silencing of the A genome homoeologs. We are currently investigating the expression pattern of the Lrk copies in the diploid genomes and whether the orthologous genes are expressed in polyploid wheat.
Conservation of Gene Organization and Reconstruction of the History of Duplicated Lrk Loci
In this study, we completely sequenced three cosmids clones containing genomic fragments of the Lrk region from chromosome 1B and 1D of ThatcherLr10.
The same gene organization (two receptor-like kinase genes and an NBS-LRR gene) was found on the cosmids although they originated from nonorthologous regions of chromosomes 1B and 1D. Preliminary analysis of the Lrk loci on BAC clones of T. monococcum and A. tauschii has confirmed this high conservation also in the diploid homoeologous A m and D genomes (C. Feuillet and B. Keller, unpublished data) . Thus, conservation of the gene organization that was observed at the Lrk10 locus on chromosome 1A of ThatcherLr10 and on chromosome 1HS in barley (Feuillet and Keller, 1999) was not only due to the fact that we studied orthologous regions. This indicates that no major changes have occurred in this gene-rich region for at least 10 million years, when the barley and wheat lineage separated (Wolfe et al., 1989) . A possible explanation for such conservation is that there is a selective advantage to keep the observed gene organization intact. One should also keep in mind that we studied a gene-rich region (one gene/5-10 kb; Feuillet and Keller, 1999; C. Feuillet and B. Keller, unpublished data from BACs), and we cannot exclude that the evolutionary mechanisms are different between gene-rich regions and regions containing more repetitive sequences.
The comparison of two paralogous loci on chromosome 1B (Cos19 and Cos33) has resulted in detailed insights into their molecular evolution. Whereas gene content and organization are well conserved, some of the non-coding regions show a great extent of reshuffling. Our model assumes a number of local duplications, deletions, and insertions, which can be assigned to the time before and after the locus duplication. Small duplications of sequences that have no feature of repetitive elements have successively occurred and have increased the size of the region by 5 to 8 kb. Thus, we are probably observing local mechanisms of genome size expansion that have to be considered in addition to those involving retrotransposons (Bennetzen, 2000) . It is obvious that during further evolution, additional modifications of the region would result in a loss of detectable homology. This shows the power of comparing sequences of recent polyploids such as wheat to discover local mechanisms leading to rearrangements between the genomes. Further comparative studies of Lrk loci in species of Triticum and Aegilops with the B genome will determine the validity of our model of sequence rearrangements on chromosome 1B. With the increasing availability of genomic tools in wheat, libraries of A. speltoides (S genome, related to B) and T. dicoccum (AB genomes) should be available soon to allow this type of analysis.
A transposable element (TAT1) was detected on Cos19. TAT1 belongs to the CACTA type of transposons, which have been found in different plants species including grasses such as maize, rice, and sorghum (He et al., 2000) . TAT1 is smaller than CACTA elements previously identified (15,164 bp for Tam1 [Nacken et al., 1991] ) and contains a single open reading frame similar to TNP2, which is thought to provide transposase activity. This suggests that TAT1 may be a new type of transposable element related to the CACTA type. To our knowledge, this is the first time that such a transposon is described in wheat. We are currently investigating the copy number of TAT1 in diploid and polyploid wheat species.
Among the grass species, wheat is a clear example of recent allopolyploidization. Large-scale sequencing and detailed analysis of the sequences will reveal more about the general mechanisms of wheat genome evolution. Such studies are of relevance to understand the genome of the most important crop plant as well as to reconstruct the history of genome development before and after polyploidization.
MATERIALS AND METHODS
Isolation and Chromosomal Localization of Lrk
Genes from Hexaploid Wheat
Two primers (G3 and UPM1, Table I ) were designed in two very conserved regions of the extracellular domain of Lrk genes (Feuillet et al., 1998) . These primers were used to amplify fragments from hexaploid wheat (var Chinese Spring) and the diploid relatives Aegilops tauschii and Triticum monococcum. Fourty-four clones were sequenced from var Chinese Spring until all individual sequences were represented at least twice. Ten types of sequences were identified (GenBank accession nos. G67177 through 67185). Four types of sequences were amplified from A. tauschii (no. 309) (GenBank accession nos. G67176, G67187, G67188, and G67191). Two sequences were obtained by PCR amplification or subcloning fragments from T. monococcum (DV92) BACs (GenBank accession nos. G67186 and G67190). Sequencing was performed on an automatic DNA sequencer 4,200 (LI-COR, Lincoln, NE). Chromosomal localization of the sequences amplified from hexaploid wheat was made on a set of aneuploid nullisomic-tetrasomic lines of var Chinese Spring (Sears, 1966) . For each gene a specific primer pair (Table I) was used in PCR amplification as previously described (Feuillet et al., 1997) with the annealing temperature indicated in Table I .
Isolation and Analysis of Cosmid Clones
A custom cosmid library was constructed from genomic DNA of the hexaploid wheat variety ThatcherLr10 (Stratagene, La Jolla, CA). Screening of the library was performed with 32 P-labeled pLrk10-A, encoding the extracellular domain of Lrk10 (Feuillet et al., 1998) . For sequencing, shotgun libraries were made from the three cosmids by shearing 10 to 20 g of cosmid DNA (Hydroshear, Gene Machines, San Carlos, CA), blunt-ending the DNA fragments with mung bean exonuclease and size fractionation on an agarose gel. DNA fragments were dephosphorylated after incubation with calf intestine alkaline phosphatase (Boehringer Mannheim, Basel) and were subcloned into the TOPO-Blunt end vector (Invitrogen, Carlsbad, CA). ElectroMAX DH10B Escherichia coli cells (Life Technologies, Basel) were then transformed by electroporation. Sequencing reactions were run on an ABI Prism 3,700 DNA (PerkinElmer Applied Biosystems, Foster City, CA) analyzer. Sequence gap closure was performed with internal primers either for PCR fragment generation and direct sequencing or internal sequencing of subclones. Sequence alignment was performed using Phrap Version 0.990329 and Consed Version 9.0 software. Detailed sequence analysis was performed with the Wisconsin Package Version 10.1, Genetics Computer Group (GCG; Madison, WI): sequence alignments were performed with the BestFit and PileUp programs, repeats were identified with the REPEAT, STEMLOOP, and BestFit programs, and coding regions were analyzed with the BLAST programs of GCG.
Phylogenetic Analysis
Alignment of the Lrk sequences was performed using PileUp from GCG and manually optimized to maintain the open reading frame. The highly variable regions (Feuillet et al., 1998) of the Lrk genes (aligned positions 183-207, 225-231, 425-494) were considered as ambiguously aligned and excluded from the phylogenetic analyses. The Lrk gene from oat, rlk1a2 (AF237503), was used as an outgroup in all analyses because it is assumed to be an orthologous group 1 Lrk gene (K Armstrong, personal communication) from outside of the Triticeae tribe yet within the subfamily Pooideae. Phylogenetic hypotheses were generated using two alternative optimality criteria: maximum parsimony and maximum likelihood. The optimal MP and ML trees were found using heuristic searches that used Tree BisectionReconnection (TBR) branch swapping in PAUP (Phylogenetic Analysis Using Parsimony, version 4.0b4a, Sinaur Associates, Sunderland, MA). MP searches included 100 random addition replicates. The ML searches assumed a two-parameter model of nucleotide substitution (HKY model; Hasegawa et al., 1985) with among-site rateheterogeneity assumed to be equal and a proportion of the sites assumed to be invariant among the sequences. All parameters within the model were estimated by the program during the ML search. The relative degree of branch support was determined within an MP framework using the bootstrap procedure (Felsenstein, 1985) in PAUP 4.0b4a. The original data set was resampled 100 times, and MP analyses of these replicates used TBR branch swapping.
